As methods of reconstructing evolutionary trees have matured, an increasing amount of attention has been paid to the reliability of phylogenetic inferences. The most widely used method for assessing reliability has been the nonparametric bootstrap procedure of Felsenstein (1985) . Faith (1991) proposed the T-PTP (topology-dependent cladistic permutation tail probability) test as an alternative method for testing specific hypotheses of monophyly. The philosophical basis and operational details of Faith's test have been challenged (Bryant, 1992; Carpenter, 1992; Farris et al., 1994) and defended (Faith and Cranston, 1992; Trueman, 1993; Faith and Ballard, 1994) . Our purpose here is not to prolong this debate, but instead we demonstrate a flaw of the test that is apart from and more serious than earlier criticisms.
If a group were known to be monophyletic, the most-parsimonious tree for the data might be expected to contain that group. However, because homoplasy can cause the amount of character support for conflicting groupings to exceed that favoring the known monophyletic group, the group may fail to occur on the most-parsimonious tree by chance. Acceptance of a particular group as monophyletic requires demonstrating that its observed amount of character support is unlikely to have arisen by chance on a tree in which the group is not monophyletic. This issue can be addressed by defining a test statistic that compares the relative support for hypotheses of nonmonophyly and monophyly. A natural test statistic is the difference between the lengths of the most-parsimonious trees for which the group is nonmonophyletic and monophyletic, which has been called a decay index or Bremer support index (Bremer, 1988 (Bremer, , 1994 Donoghue et al., 1992) . The set of all possible tree topologies is divided into two groups, one including all trees on which the group of interest is monophyletic (designated M) and the other containing all remaining trees (designated R). Letting L M and L R , respectively, be the length of the shortest tree(s) in M and R, the test statistic is
Informally, D corresponds to the number of steps required to "break up" the monophyly of the group. To ascertain which values of D should lead to rejection of the "null" hypothesis of nonmonophyly, we need to determine the distribution expected for D if the data had been generated on a tree belonging to subset R. Finding that the observed value of D is "surprisingly" large under the null hypothesis would lead to rejection of the null hypothesis in favor of the alternative hypothesis that the group is indeed monophyletic. Faith (1991) suggested generating the distribution of the test statistic D under the null hypothesis by shuffling (permuting) the character states of each of the characters followed by calculation of D from each permuted data set. In this way, the number of occurrences of each character state is preserved but the association between character states and taxa is randomized. Let N be the number of permuted data sets and let K be the number of permuted data sets yielding a test statistic value that equals or exceeds the value for the actual (unpermuted) data set. Faith proposed that monophyly of the group be tested by considering this as a standard permutation test (e.g., Good, 1994) , so that significant evidence exists at level a if (K + 1)/(N + 1) < a.
The permutation strategy employed in the T-PTP test has the effect of destroying all phylogenetic correlation structure in the data. The distribution of D (or any other test statistic calculated from the permuted data sets) will therefore correspond to its distribution under a null hypothesis of no phylogenetic structure. This null hypothesis clearly differs from the null hypothesis that a particular group is nonmonophyletic. In particular, neither the null hypothesis of nonmonophyly nor its alternative of monophyly implies the complete absence of phylogenetic structure throughout the tree. We show here that phylogenetic structure in the tree that is clearly irrelevant to monophyly of the group can nonetheless seriously affect the results of the test.
The flawed nature of the T-PTP test can be demonstrated via computer simulation. We assume the characters of interest are binary and the outgroup state is always coded as 0. For our simulations, we used a simple symmetric process of change back and forth between states 0 and 1, with the lengths of the branches corresponding to the probability of a net change along that branch. This model is quite general because a branch length represents only the probability that different states will be found at the two ends of the branch, requiring that characters evolve independently according to a common process but assuming little about the nature of that process. Other assumptions of the model are characteristic of virtually all methods of phylogenetic inference, such as the assumption that the probability of a character changing along any one branch of the tree is independent of whether the character changes elsewhere in the tree.
Consider the evolutionary tree depicted in Figure 1 on which the group (B, C, D) is not monophyletic. A T-PTP test for the monophyly of this group at significance level a = 0.05 should mistakenly reject the null hypothesis of nonmonophyly 5% of the time (i.e., the Type I error rate should equal 0.05). When the simulation is performed using the branch lengths of case I (Table 1) where branch m has zero length, the observed Type I error rate approximately matches the appropriate value of 0.05. However, for branch length combinations in which branch m has positive TABLE 1. Frequencies with which the T-PTP test incorrectly finds significant evidence for monophyly at the 0.05 level. To determine via the T-PTP test whether group (B, C, D) is monophyletic, 1,000 data sets were simulated according to the tree shown in Figure 1 for each of four sets of branch lengths. Each data set consisted of 100 phylogenetically informative characters and was permuted 999 times. The branch lengths for cases I-III force an equal probability of a difference in character state between internal node I and each of the ingroup taxa (A, B, C, D) . For example, the probability of a net change between nodes I and C is equal to the probability of a net change along branch m but not on c plus the probability of a net change along branch c but not on m. In case III, Prob(difference between I and C) = Prob(difference between I and D) = (0.0417)(l -0.0417) + (1 -0.0417)(0.0417) = 0.08 = Prob(difference between I and A) = Prob(difference between I and B).
h *** = evidence for monophyly shown significantly more often than the expected value of 0.05 with P < 0.001 (large-sample hypothesis test for a population proportion).
c Application of the T-PTP test as described by Faith (1991 Faith (1991) suggested that the permuted data sets should be created by holding the outgroup constant, randomizing only the states for the ingroup taxa. We disagree with this position but do not wish to belabor the point here because it is a problem of secondary importance compared with the lack of connection between the hypoth- esis of interest and the permutation strategy-
The problem of the T-PTP test illustrated by our simulations is distinct from the inconsistency of parsimony (see Felsenstein, 1978) . The flaw is related to the permutation procedure and not to the method of phylogeny reconstruction. The test statistic proposed by Faith is a difference in parsimony lengths. A difference in log likelihoods could instead be employed as a test statistic, but this modified test would still be flawed unless the permutation procedure were also somehow changed.
The impact of the lack of association between the null distribution used in the T-PTP test and the specific hypothesis of monophyly can be further illustrated using an example data set of eight taxa and 201 phylogenetically informative characters (see Fig. 2a ). One of several equally mostparsimonious trees for these data is depicted in Figure 2b . The data can be explained by this tree without requiring homoplasy.
First, consider applying the T-PTP test for monophyly of the group (C, D, E) in a data set containing all of the taxa except for taxon G. The failure of the T-PTP test to find significant evidence for the monophyly of this group at the 0.05 level (see Table 2 ) is reasonable because the group TABLE 2. T-PTP results for the example data set. P values indicate estimated probabilities of observing a T-PTP test statistic as or more extreme than the observed value under the null hypothesis of nonmonophyly for the indicated group. The P values are based on 10,000 data sets in each case (9,999 permuted data sets plus the original unpermuted data set). appears on none of the most-parsimonious trees for the data. It does not seem reasonable, however, that the simple act of duplicating taxon F (i.e., including taxon G) should reverse the conclusions of the test, supporting the monophyly of (C, D, E) despite its absence from the most-parsimonious trees. (One might question why the monophyly of a group not supported by the most-parsimonious tree(s) is being tested. Data sets responsible for the formation of hypotheses should not be used to test those hypotheses. However, in the example here, interest in the possible monophyly of (C, D, E) precedes inspection of the data used [i.e., this is the a priori version of Faith's test] .) The augmented data set has no more information regarding the monophyly of (C, D, E) than does the subset that does not include taxon G. The T-PTP test is, but should not be, affected by duplicating taxon F. If this result were valid, a researcher could alter the results of the significance test simply by sampling more than one representative of certain taxa, even though these representatives were identical to each other for all character states. Our intention is not to compare directly the T-PTP and bootstrap tests of support; however, the bootstrap would not be affected by simple duplication of taxa.
The sensitivity of the T-PTP test to the inclusion or exclusion of redundant taxa is a reflection of the fact that the null hypothesis of nonmonophyly (or monophyly) of specific groups should not be evaluated with a permutation procedure that destroys all phylogenetic structure in the data. One could imagine attempting to ameliorate the problem by removing all but one taxon from each "known" monophyletic group from the data set prior to the randomization (D. Faith, pers. comm.; Faith, 1991:369; Faith and Cranston, 1991: 13-15, 23-24) . The resulting modified data set would not have any "known" phylogenetic structure. Of course, there may be unknown phylogenetic structure in the modified data set, and this unknown structure potentially could be detected by the T-PTP test. The unknown structure could be due to monophyly of a group of interest but it could also be due to relationships elsewhere on the tree. The permutation procedure of the T-PTP test destroys all unknown structure, that due to monophyly of the group of interest and that not pertaining to monophyly. A valid permutation procedure for evaluating nonmonophyly would somehow destroy the former but not the latter type of unknown structure. In other words, the T-PTP test cannot, in general, be corrected by removal of taxa because the hypothesis of no phylogenetic structure and the hypothesis of nonmonophyly are fundamentally different.
Permutation tests designed to test for the existence of any phylogenetic structure have also been proposed (Archie, 1989a (Archie, , 1989b Faith, 1990; Faith and Cranston, 1991) . To our knowledge, these tests are valid. However, these tests can yield results that some workers might find anomalous. For example, a star tree with unequal branch lengths will systematically yield phylogenetic structure that can predispose the tests to significance (see case IV, Table 1 ). Although these permutation tests will usually reject the null hypothesis of no phylogenetic structure for a data set from a phylogeny such as case IV of Table  1 , this result should not be construed as a failure of such tests. Case IV represents a star topology where branch lengths vary greatly. Because of this variation, it is reasonable to interpret this tree as a case where phylogenetic structure is present, although phylogenetic structure is then used in a more general sense than the hierarchical nesting of groups on a tree-it may simply represent rejection of a molecular clock.
The scope of this note is narrow; the problem described is specific to the T-PTP test. Permutation tests are important in the field of statistics, and it may be possible to salvage the T-PTP test via a modification that we have not discovered. Nevertheless, it is important for the inventors and users of permutation tests to be cautious. It is not sufficient to propose a permutation strategy without demonstrating that it yields a test statistic distribution consistent with the null hypothesis.
